Argon is one of the candidates for impurity seeding in the ITER divertor; however, few studies exist on its effect on deuterium retention in tungsten. The thesis investigates the effects of simultaneous (SIM) and sequential (SEQ) irradiation of D-2.5% Ar on polycrystalline tungsten at 300-700 K, with ion energies of 500 eV/D + and 1.5 keV/Ar + , and compares the findings with a similar previous study on D + /Ne + irradiation. Trapped D and Ar in irradiated specimens was measured using thermal desorption spectroscopy (TDS). Ar was found to be similar to Ne in its effectiveness in reducing D retention in W. Similar to Ne, Ar appears to block D from migrating to higher energy traps beyond the surface layer, leading to enhanced re-emission of D at the near-surface. Ar irradiation is thought to remove implanted D at the near surface by sputtering and to create additional diffusion pathways to the W surface.
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Ne Neon The core concept behind a hypothetical fusion reactor is to harness the large amounts of energy created by fusing two light atoms together. There are a variety of proposed solutions to the problem of creating a viable fusion reactor, with the torus-shaped tokamak design being one of the most thoroughly researched devices. The international thermonuclear experimental reactor (ITER) is a multi-national tokamak project currently being built in southern France and designed with the goal of achieving ignition: providing conditions in the fusion plasma such that fusion is a self-sustaining process. However, due to the large amounts of power generated by fusion reactions, the magnetically confined plasma in tokamak reactors, such as ITER, can produce high heat loads on plasma-facing surfaces such as divertor targets and plasma-facing walls. The current material of choice for the walls of ITER is beryllium (Be), however the divertor, which must withstand the highest heat and particle flux, will be made of tungsten (W). Tungsten was chosen mainly due to its high melting point (3695 K), high thermal conductivity, and its resistance to erosion by sputtering.
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A fine power balance is required in order to maintain ignition conditions in a tokamak.
Therefore, the melting of any of the plasma-facing components could prove disastrous for the operation of the tokamak as the impurities introduced in the core plasma could upset this balance due to increased radiation power losses. The tungsten divertor region, which must withstand the highest heat flux, is of the greatest concern for melting. In order for a tokamak to be a viable fusion device, it must be designed with a solution to this melting problem in mind. During operation, the heat flux on ITER diverter targets are expected to be 20 MW/m 2 , with 0.5 MW/m 2 on the wall -not including more critical heat modes such as plasma disruptions, vertical displacement events, and edge localized modes [1] . Heat loads of these magnitudes provide major melting concerns, and therefore reductions to the heat loading experienced by plasmafacing surfaces are necessary. One proposed solution is radiative cooling of the edge plasma by seeding impurity elements, such as argon (Ar) or neon (Ne), into the plasma [2] . Given the likelihood that radiative cooling will be required, it is important to understand how the introduction of a noble gas into the system will affect the interaction between the plasma and the W divertor. D retention was decreased by 2 orders of magnitude. TDS spectra from 300-400 K showed peaks at 500 and 650 K which peaks were attributed to vacancy trapping in the W. The spectra at 450-700 K showed a single, wider peak at ~800 K which was attributed to void wall trapping [3] .
Ion energy dependence of D retention in PCW foil was studied by J.P. Roszell, et al. [4] at 400 and 500 K with energies at 10-500 eV/D + and fluence of 10 24 D/m 2 . D retention increased with D ion energy at both 300 and 500 K. At 300 K, the increase was by a factor of 3 which was attributed to possible increased reflection of incident ions due to the lower ion energy. At 500 K, the increase was by 2 orders of magnitude which, in addition to the low ion energy effects, was attributed to higher diffusivity at 500 K [4] . Using NRA up to 6-12 μm depth, D retention was measured to be 72% lower in the low flux specimen compared to the high flux specimen [5] . However, in a study by L. Buzi, et al. [6] , D retention was found to be lower with increasing flux for plasma exposures at 530 and 630 K. At 870 K, D retention increased with flux [6] . In comparing both studies, a significant portion of D was located deeper than NRA could measure in lower flux 500 K exposures, which is consistent with large cavities at these depths observed by M.H.J 't Hoen, et al. [5] .
Fluence dependence of D retention in PCW foil was studied by Z. Tian, et al. [7] at 300
and 500 K with fluences of ~10 21 proportional to the square root of the measured total exposure time and was attributed to processes dominated by diffusion [8] .
In addition to the many factors affecting D retention in W found for D-only implantations, a fusion device scenario must also consider the implications that simultaneously implanting a noble gas, such as argon, has on D retention in W.
Effects of Argon on D retention from Literature
Few studies exist on the effect of argon on deuterium retention in tungsten. One existing study by M. Ishida measured the permeation flux of deuterium after a mixed D-Ar irradiation of tungsten at 500 to 1000 K [9] . The study applied scanning electron microscopy (SEM) to measure changes in surface morphology and transmission electron microscopy (TEM) to determine precipitation effects. It was found that argon generally decreased the permeation flux of deuterium, particularly at higher temperatures. The suggested mechanism is a combination of both precipitation and sputtering effects. The higher lag time for D-Ar irradiation when compared to D-only suggested additional unknown mechanisms influencing the deuterium transport in tungsten.
Another study by X. Zhu observed the effects on deuterium retention in tungsten preirradiated with argon at 500 keV/Ar + and exposed to low energy deuterium plasma at 300 K [10] .
Significant deuterium occupation of vacancy-type defects was observed and it was suggested that the additional vacancy-type defects created through sputtering by pre-implanted argon resulted in an increase in deuterium retention in the pre-irradiated tungsten. It is clear that a comprehensive study on the effects of argon on deuterium retention in tungsten does not currently exist in literature, and therefore further studies are required to better understand these effects.
A study by X. Kong, et al. [11] evaluated, using first-principles calculations, binding energies of hydrogen with inert gas interstitial clusters and vacancy complexes. They found that argon-vacancy (Ar-V) complexes can trap hydrogen with positive binding energies of 0.6-0.8 eV and prevent further diffusion of the hydrogen into tungsten. Trapped deuterium at this energy would suggest increased desorption at 400-500 K during TDS, which may contribute to higher D release peaks in 300 K implantations.
Effects of Neon on D Retention from Literature
Similar to argon, few studies exist on the effect of neon on deuterium retention in tungsten. A study by L. Cheng, et al. [12] observed that for low energy, high fluence sequential Ne-D plasma exposures, the pre-exposure of Ne results in a ~30-80% reduction in D retention.
The study also found an increased reduction in D retention at higher exposure temperatures and fluence ratios.
The effects of mixed D-Ne plasma exposures containing 5-20% Ne on D retention were more recently studied by L. Cheng, et al. [13] . D retention in rolled PCW at ~550 K was measured by TDS and found to decrease with the increase of Ne concentration in the plasma.
The spectra for the 10-20% Ne cases showed flatter spectra than the D-only case and large peak reductions at 820 K, as opposed to the 5% Ne case which showed similar peak shape to its D- These observations were attributed to increased diffusion to the surface and D atom surface recombination due to pores, similar to the behaviour of He [13] .
The effects of SIM D-Ne ion beam implantation at 1 keV Ne + on D permeation were studied by M. Ishida, et al. [9] . The study found a reduction in permeation flux above 500 K when compared to the D-only implantation, which was associated with the effects of neon precipitates and sputtering.
In addition to argon, the study by X.S. Kong, et al. [11] studied H trapping at neonvacancy (Ne-V) traps and Ne interstitials, which were found to have a binding energy of 0.7-1.0 eV. Similar to argon, the trapping of H around Ne should be consistent with the lower temperature peaks observed in TDS for 300 K implantations.
Effects of Neon and Helium on D Retention from Compared Study
The results of this thesis are often compared to a similar study by T.J. Finlay, et al. [14] which 
Thesis Objectives
The main goal of this thesis is to expand the body of knowledge surrounding the effects of argon on deuterium retention in tungsten, with particular emphasis on the implications these results have on current fusion devices, such as ITER, as Ar is in consideration to be used for radiative cooling. Secondly, the results of this study are compared with a previous study on D-Ne irradiation at similar implantation conditions [14] , with the objective of gaining further understanding of Ar, Ne, and D retention in tungsten. Given the size and mass differences between Ar and Ne ions, it was expected that similar effects on deuterium retention would be observed, with perhaps a slightly greater reduction for Ar. In describing the results of this study, a focus is put on suggesting mechanisms for the observed effects, particularly at the near-surface region.
The study compared the results for 1. In ITER, fluxes and fluences are expected to be higher by orders of magnitude [15] than those in the current study, however the results of this study remain relevant as they indicate how 6 variations in certain parameters may cause changes in D behaviour with the addition of Ar.
Knowledge of the mechanisms of D behaviour in the presence of Ar will also be useful for prediction, modeling, and material design.
Chapter 2 Experimental Materials and Instruments 2
Specimen Materials
Plansee Polycrystalline Tungsten (PCW)
The polycrystalline material was manufactured and supplied by Plansee AG with a minimum purity of 99.97 % wt. %, not including molybdenum (Mo). A complete list of the maximum impurities in the PCW is shown in Table 1 . The PCW plate was cut into ~7 × 8 × 0.5 mm 3 specimens for implantation. The as-received industrial polish of the tungsten, while appearing shiny to the eye, was rough, as viewed under a microscope. There was also slight delamination on specimen edges from the cutting process. The roughness (Ra) of the as-received material was measured to be ~2 µm by profilometry. The 3D image from the profilometry measurement of the as-received specimen is shown in Figure 1 . 
Light Ion Side (LIS)
The cylindrical ion source chamber of the LIS contains a Pt mesh cathode filament coated with a high calcium triple carbonate cathode coating ((Ba-Sr-Ca) CO 3 56-31-13%). This coating emits electrons upon heating when a current of up to 25 A is run through the filament. Having a high affinity for water and hydrogen, the coating was outgassed prior to each experiment to improve beam current and stability, and the filament re-coated when a stable plasma could no longer be formed in the ion source chamber. The ion source chamber has a conical end plate 
Heavy Ion Side (HIS)
The source chamber and function for the HIS is identical to the LIS barring the ionized gas species which is Ar rather than D 2 . The layout after the source chamber is similar as well, except for a few details that are preferable for ion beams of heavier mass. The pinhole aperture is 0.25 mm in diameter; the first Einzel lens is not gridded and is rather made up of 3 hollow cylinders; the primary y-steerer is downstream of the bending magnet; and the bending magnet has a 90° bend (~1:30 mass resolution) set at ~42 A for Ar + .
Specimen Holder
In The specimen holder is a stainless steel plate onto which a PCW foil piece, with a punched ~2 mm diameter aperture, is spot welded. A 10% error is assumed in implantation area as the punched PCW aperture edges are not smooth, resulting in a 2 mm ± 0.1 mm aperture. The same PCW foil piece is used throughout all experiments to maintain consistency between results.
In order to electrically isolate the specimen from the mask and therefore measure direct specimen current, three sheets of mica, 25-50 μm thick, are adhered to the mask behind the PCW foil with a graphite adhesive (Aremco Graphi-Bond TM 669). These mica sheets have a punched hole with a diameter slightly larger than the ~2 mm aperture. A Type K thermocouple is placed behind the mica layers in order to measure the temperature of the implanted side of the specimen. Behind the thermocouple is the W specimen, placed such that the thermocouple is not blocking the irradiated area. A piece of PCW foil is placed behind the W specimen to measure the specimen current. Finally, behind the PCW foil is an 80 W max, ~12.7 mm diameter ceramic heater used to supply heat to the specimen during implantation experiments at temperatures greater than 300
K. In addition, this ceramic heater clamps the assembly together via two screws through electrically isolated ceramic washers in the stainless steel plate. The TDS system (see Figure 6 ) is used for both TDS measurements and specimen annealing. It is a separate vacuum system and therefore requires its own turbomolecular pump backed by a single mechanical pump. Inside the TDS system, the specimen sits on a PCW foil heating cradle, shaped from a ~7.5 × 45 mm 2 PCW foil strip similar as done by T.J Finlay [17] , which is attached to electrical feedthroughs. The specimen is held parallel to the specimen cradle surface by ~1 × 8 mm 2 tabs on either edge. For TDS measurements, specimens are spot welded to a Type C (W-5% Re, W-26% Re) thermocouple which is attached to another set of electrical feedthroughs, connected externally to a temperature measuring unit. In order to prevent desorption during spot welding, the location of the spot weld is greater than 2 mm from the implantation zone. For annealing, one or two specimens are annealed simultaneously, with a separate piece of PCW foil spot welded to a Type C thermocouple on top to measure temperature.
Thermal Desorption Spectroscopy (TDS)
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Heating, Ramp Rate, Temperature Measurement
The power supply delivering the output voltage to the heating cradle is controlled by a CVI software program written by M. Poon [18] . In order to obtain the desired constant ramp rate, Contact between the specimen and the heating cradle does influence conductive heat transfer. Therefore, maximum contact is ensured when positioning the specimen in the heating cradle. Additionally, maximum contact between the specimen and the thermocouple must be ensured for consistent conductive heat transfer. For the spot welded thermocouple, it is important to have a quality spot weld resulting in a firm connection. During annealing, where the thermocouple is spot welded to a separate piece of PCW foil, specimen temperature is more indirectly measured, generally resulting in the specimen having a higher temperature than measured. To minimize this effect, great care was taken to ensure maximum contact between the specimen and the PCW foil. In addition, the measured dwell temperature was decreased so that the voltage on the heating cradle was the same during annealing as during TDS which measures specimen temperature directly. 
QMS Detection and Measurement
QMS Quantification and Retention Calculation
The known leak rate for the H 2 , D 2 , He, and Ar calibration leak bottles is calculated by multiplying the bottle leak rate by the exponential decay which is a function of the time between the TDS experiment date and the initial calibration of the leak bottle. Before heating the specimen, leak bottles are closed in sequence and the resulting drop in the signal on the QMS is divided by the known leak rate in order to quantify the signal. A flow rate is calculated by dividing the QMS signal by the sensitivity factor, which is then divided by the implantation area, giving the release rate of the trapped species in [m -2 s -1 ]. The release rate is then integrated over time to give the total species retention in [m -2 ] . For total D retention, the release rate for D 2 is multiplied by 2, the HD release rate added, and the result integrated over time. Error of ±15% is estimated from the combination of background noise, sensitivity factor calculation inaccuracy, sensitivity drift, and spillover. Total D retention is presented with the addition of calculated HD contribution to error bars to better represent maximum retention error.
Experimental Methods 3
Specimen Preparation
Annealing
The as-received industrial polished specimen is first cleaned in an ultrasonic bath of distilled water for 15 min, followed by an ultrasonic bath of methanol for 15 min. The specimen is then placed in the heating cradle and the assembly is then secured in the TDS for annealing.
Often, two specimens were annealed simultaneously. Upon reaching ultra-high vacuum, the TDS system is baked for 2 hrs in order to outgas the system walls and to further reduce the background pressure. During this process, wall temperature reaches ~413 K and specimen temperature reaches ~363 K. Once the system has cooled, the CVI software is initialized and the heating cradle power supply turned on. Specimens are then heated at a temperature ramp rate of ~1.5-3.5 K/s and are held at ~1473 K for 30 min in order to remove most impurities in the tungsten without recrystallization [19] [20] [21] . The specimens are cooled to room temperature at ~1 K/s over a period of ~1 hr, and then are removed from the TDS system.
Specimen Implantation
An annealed specimen is secured in the accelerator specimen holder and placed into the dual-beam ion accelerator. The system is then pumped down to a vacuum pressure below 6.7×10 -6 Pa. The accelerator system coolant is switched on and the system is cooled for 5 min before turning on the main accelerator power supply. For higher temperature experiments (greater than 300 K), the Type K thermocouple and heater wires are secured, and the specimen is heated through an electrically isolated power supply while one or both ion beams (depending on the experiment) are initialized.
The initialization process for both LIS and HIS systems are identical as both operate Total fluence is calculated by doing numerical integration with the recorded current data over time and dividing the result by the specimen mask aperture area. Continuous fluence estimations are made during the implantation experiment using the average flux, and upon these estimations reaching the target fluence, the beam(s) and heater power supply are switched off at the same time. As the specimen cools to room temperature, the accelerator system is shut down.
Specimen Retention Measurement
Within a week of implantation, specimens are transferred to the TDS system for retention measurement. Before placed in the heating cradle, a Type C thermocouple is spot welded to the specimen for direct temperature measurement. After the specimen is installed in the TDS, the TDS system is pumped down to a pressure below 1.3×10 -5 Pa. The pressure is further decreased below 7.0×10 -6 Pa by baking the TDS system walls at ~413 K for 2 hrs. During this baking period, the specimen temperature would not exceed ~373 K, in order to avoid the release of implanted D. After the TDS system has cooled down to room temperature and desired pressure is 
Profilometry
To determine surface roughness and potentially measure the sputter crater depth, surface profilometry using a KLA-Tencor P16+ profilometer was performed on an as-received industrial polished specimen, a 500 K implanted Ar-only specimen, and a 500 K implanted SIM D-Ar specimen. Results of the profilometry are shown in Section 2.1.1, with additional data in Appendix A. No studies from literature could be found to provide further insight to the specific effects that the surface roughness has on trapping behaviour in the near surface of the tungsten. [22] and Z. Tian, et al. [7] , as well as unpublished data from T.J. Finlay [23] for Rembar PCW foil and as-received PLW.
Results and Discussion
Comparing total D retention in SIM D-Ar and D-only specimens found the addition of Ar + reduced total D retention by up to a factor of 4 at 600 K, similar to the effect of the addition of Ne + in past results [14] , as shown in Figure 8 . D retention at 600 and 700 K decreases significantly for the D-only case along with the number of energetically favourable traps; this alongside the increased diffusion rate leads to a higher likelihood that the D reaches the tungsten surface before becoming trapped [3] . These results indicate that both Ne and Ar are more effective than He at reducing D retention at higher temperatures up to 700 K, while having a similar effect at 300 K [14] . In addition, this suggests that the use of either Ne or Ar for radiative cooling in a tokamak would have beneficial effects in reducing hydrogen retention in tungsten plasma-facing surfaces, despite the increased risk of erosion. Figure 9 shows that neither argon nor neon retention vary significantly with temperature in any of the irradiation conditions. The significant scatter in the data makes it difficult to suggest a trend for any of the observed cases. Therefore, it appears that the addition of D in either SIM or SEQ cases does not significantly impact argon or neon retention, with Ar retention generally falling between 1×10 20 and 3×10 20 Ar/m 2 . Ne depth profiling done by T.J. Finlay, et al. [14] using ToF-ERDA indicated that there may be some transport of Ne beyond the implantation range, though uncertainty in the measurement made it unclear whether said transport was significant. It should be noted that a significant portion of the trapped argon and neon was not released from the specimens during TDS to 1473 K, as indicated in the study of argon and neon retention in PCW wire by Kornelsen [25] . This is discussed further in Section 4.4. [14] . This behaviour, differing from helium which primarily reduces the main ~620 K peak, may indicate that a larger atom such as neon or argon does not form a network of large clusters or nanobubbles [14] , such as has been proposed for helium [26] . In the SEQ Ar/D case, a D double peak is more clearly defined.
Argon Retention
Displacement damage created by the pre-implanted Ar + is thought to have created higher energy traps subsequently occupied by the post-implanted D + . In addition, the more clearly defined ~520 At 400 K, the higher temperature peak, which has been associated with bulk vacancy and void wall trapping [3] [27], is lower for SIM D-Ar than in the D-only case. This effect was not observed previously with neon which saw both peaks proportionately reduced, however it is consistent with the behaviour of helium [14] , suggesting that, similar to helium, argon may act to reduce the diffusion of D into the tungsten bulk. It may also be that in the SIM D-Ar case, proportionally more D is trapped in low energy traps such as dislocations and near-surface vacancies, but further experiments are needed to confirm this behaviour.
At 500 K for SIM D-Ar, a single D peak can be seen at ~620 K, overlapping with the Donly peaks. However, one D-only specimen had a peak at ~820 K. The shifting peak temperature for the two D-only specimens is interpreted as a change in trapping energy and/or a change in physical depth of D, possibly due to the inconsistencies in the as-received PCW. A similar proportional peak reduction is observed in the SIM D-Ne case [14] . For SEQ Ar/D, a double peak can be seen at ~620 K and ~820 K. In this case, the higher ~820 K peak reduction in comparison to the D-only spectra may indicate that the pre-implanted Ar + was blocking D from entering physically deeper or higher energy traps. For SEQ D/Ar, the spectra showed a reduction of the ~820 K peak observed in one D-only case, which may suggest significant D removal by post implanted Ar + sputtering.
At 600 K, a single D peak can be seen for both SIM D-Ar and D-only at ~820 K, which has been linked to bulk vacancy and void trapping [3] [27], and is consistent with SIM D-Ne implantations [14] .
At 700 K, in both SIM D-Ar and D-only cases, D retention is negligible within the limit of our measurements, and is consistent with all our previous measurements at 700 K for similar D flux and fluence [14] . Figure 11 shows the TDS Ar release spectra for 300-700 K Ar-only implantations. The results from Kornelsen [25] from a 1 keV Ar + implanted PCW wire at 300 K are shown for comparison. We note that the release rate data from [25] was not quantified and is presented here scaled such that the first peak height is comparable to the data in the current study. The results of the current study are generally consistent with those of Kornelsen [25] ; however, it is clear that our maximum TDS temperature of 1473 K is insufficient to release all of the trapped Ar. From the Kornelsen data, we estimate that ~60% of the total Ar retention is released above 1473 K, thus our measurements ( Figure 11) give < 50% of the actual retained amount. Kornelsen attributed the desorption peak at 1500-1600 K to trapping and diffusion past the near-surface of the specimen [25] .
Argon Release Spectra
Figure 11:
The TDS spectra showing Ar release rate for Ar-only specimens at implantation temperatures of 300-700 K, measured up to 1473 K. Also plotted is an approximation of the referenced Kornelsen PCW wire data at 300 K with 1 keV Ar + up to 2600 K [25] . Original Kornelsen release rate data was not quantified; data is scaled so that first peak is comparable to current study data. Note that ~60% of the argon contained in the Kornelsen study was released above 1473 K. Figure 12 and Figure 13 show the Ar release spectra for SIM and SEQ specimens, respectively, displayed also with a comparison to the scaled data from Kornelsen [25] . The initial Ar release temperature was found to vary significantly from specimen to specimen. For some experiments, the initial argon release peak was observed below the implantation temperature. We attribute this to a phase transition in the tungsten during specimen cooling post-implantation during which Ar atoms in higher energy traps move to lower energy traps. A similar feature has been observed previously with helium [28] . On the other hand, in one SEQ D/Ar 300 K case, as shown in Figure 13 , no argon release was observed until 900 K. This inconsistency in argon desorption peak temperature is attributed to the surface variability effects, such as ion scattering Ar Release Rate vs Temperature reducing implantation energy and, thus, the effective implantation depth. However no current literature on this topic could be found. We note that throughout these experiments, the D release temperatures were consistent with past measurements, see Figure 10 . Thus we are confident that the variations in the Ar release temperature are not related to the operation of the experiment.
Figure 12:
The TDS spectra showing Ar release rate for SIM D-Ar specimens at implantation temperatures of 300-700 K, measured up to 1473 K. Also plotted is an approximation of the referenced Kornelsen PCW wire data at 300 K with 1 keV Ar + up to 2600 K [25] . Original Kornelsen release rate data was not quantified; data is scaled so that first peak is comparable to current study data. Note that ~60% of the argon contained in the Kornelsen study was released above 1473 K. implantation temperatures of 300 and 500 K, measured up to 1473 K. Also plotted is an approximation of the referenced Kornelsen PCW wire data at 300 K with 1 keV Ar + up to 2600 K [25] . Original Kornelsen release rate data was not quantified; data is scaled so that first peak is comparable to current study data. Note that ~60% of the argon contained in the Kornelsen study was released above 1473 K. Sputtering by argon ions may remove implanted D, and create additional diffusion pathways to the tungsten surface. Likely a combination of all these mechanisms were at work in lowering the D retention in tungsten. As candidates for radiative cooling in a tokamak, both argon and neon have the additional benefit of lowering the retention of hydrogen in tungsten.
Future Work
In order to expand on the research contained in this thesis, the following considerations 
